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including Influenza A, Epstein Barr, Hepatitis B and C, and Herpes simplex viruses 49 (HSV) (1, 2). In these studies, differences in susceptibility and severity of the viral 50 infections between males and females have been attributed to sex hormones which 51 have roles in promoting immune cell function and cytokine synthesis (1-4). Notably, an 52 epidemiological study of HSV type 2 (HSV-2) infections showed that females have a 53 higher acquisition rate, incidence of symptoms, and prevalence of infection than males 54 in genital infections (2, 5, 6). Whereas women have a greater risk of HSV-2 due to 55 biologic susceptibility, men have a greater recurrence rate than women (5, 7). However, 56 the rates and recurrence of HSV type 1 (HSV-1) infections are similar in men and 57 women in genital infection (5) . In a murine model of resistance to HSV-1, researchers 58 found a sex-based difference in resistance in mice with the Herpes Resistance Locus, 59 4 Hrl, which is a part of the tumor necrosis factor (TNF) superfamily, when challenged via 60 ocular scarification with HSV-1: 52% of males were resistant to HSV-1 induced 61 mortality, compared to 68% female mice (3) . Although a clear sex bias has been shown 62 in HSV-2 infections, differences in HSV-1 pathogenesis between males and females 63 remains unclear. 64
Our laboratory studies herpesvirus stromal keratitis (HSK) which is an ocular 65 disease that is the leading cause of infectious blindness worldwide (8, 9) . It is typically 66 caused by HSV-1 (10, 11). In our current study, we investigated if sex plays a role in 67 this disease using a murine model. HSV-1 is a large double stranded DNA virus that 68 enters and replicates in host cells mucosal membranes (12, 13). The virus then travels 69 from the mucosal surfaces to sensory neurons, establishes latency, and persists in a 70 latent state for the lifetime of the host. Reactivation can occur at any time with 71 replication of virus traveling back to the mucosal surfaces. During ocular infection, 72 reactivation of the virus from latency in the trigeminal ganglion to the corneal epithelium 73 causes an inflammatory response characterized by corneal opacity and 74 neovascularization which can ultimately lead to blindness due to these periodic 75 episodes of virus reactivation (13-15). 76
Our previous studies have shown that Herpesvirus Entry Mediator (HVEM), a 77 member of the TNF superfamily, has immunomodulatory functions and promotes ocular 78 HSV-1 pathogenesis independent of viral entry receptor functions (16, 17) . HVEM is a 79 key immune regulatory protein that is part of the HVEM/LIGHT/BTLA/CD160 80 cosignaling pathway that regulates T cell activation and function (7) . HVEM has a role in 81 the adaptive immune responses of murine corneal inflammation and nerve damage that 82 5 occur following ocular challenge of HSV-1 which is critical for the development of HSK 83 (8). Mice lacking HVEM (HVEM KO) exhibit lower immune cell infiltrates and less 84 severe ocular disease in the cornea compared to C57BL/6 wild type (WT) mice (8). 85
Since a clear sex difference in mortality was observed in ocular studies with Hrl, we 86 tested whether sex factors into our model of HSV-1 ocular infection. Moreover, sex 87 hormones have been found to affect the expression of host cell surface proteins that 88 function as receptors for viral entry such as the chemokine receptors for HIV-1, or DAF, 89 a receptor for coxsackievirus. In these cases, estrogen promotes increased expression 90 of receptors on B cells, which correlates with increased susceptibility of cells to infection 91 and subsequent replication (2, 18, 19) . In addition, immune response to pathogen 92 infection can also vary between sexes. Most pertinent to our studies are those that 93
show changes in cytokine expression which alters the immune response when males 94 are compared to females. For example, when peripheral blood mononuclear cells from 95 healthy men and women were stimulated with HSV-1 or Toll-like receptor 9 (TLR9) 96 ligands, Interleukin 10 (IL10) production was significantly related with plasma levels of 97 sex hormones in both groups (12). Males produced higher levels of IL10, which serves 98 as a negative regulator of the response of both innate and adaptive immune cells, when 99 stimulated with HSV-1 or TLR9 ligands compared to females (12). Previously, we used 100 only male mice in our studies for characterizing HSK pathogenesis. Since HVEM 101 modulates the immune response and sex plays a role in immune response in various 102 viral infections, we specifically investigated if sex is a variable in infection by HSV-1 103 using WT mice or in the resulting immune response regulated by HVEM in HSK 104 6 pathogenesis using HVEM KO mice. Moreover, little is known in regard to the role of 105 sex in ocular health and disease (2, 10, 12). 106
Previous studies exploring the role of sex using different murine models of ocular 107 HSV-1 have been contradictory. The experimental models have used other routes of 108 infection, virus strains, and age at infection. In murine models of ocular HSV-1 infection, 109 sex has been shown to play a role in only certain mouse backgrounds (14, 20) . In our current studies, we investigated sex specific differences in HSK 130 pathogenesis in the C57BL/6 mouse strain between male and female mice to determine 131 if sex plays a role in the inflammatory disease induced by the 132 HVEM/LIGHT/BTLA/CD160 cosignaling pathway that regulates T cell activation and 133 function (7). Our results indicate no significant difference between male and female 134 mice when evaluating HSK disease pathogenesis. Our data is informative in 135 determining the role of sex in this disease and allowing the use of both male and female 136 mice in our ongoing studies and future experiments using the C57BL/6 mouse strain, 137 which is commonly used for genetic knockout mouse lines. 138
139

RESULTS
140
HSV-1 Replicates to Similar Levels in Male and Female WT and HVEM KO Mice 141 after Corneal Inoculation 142
In a murine model of infection, primary infection of the corneal epithelium results 143 in detectable replication of HSV-1 for up to 6 days post infection when monitored in 144 ocular tear film (11, 15). To determine whether sex impacts the replication of HSV-1, 145 age-matched male and female adult WT and HVEM KO mice were inoculated with 146 HSV-1 strain 17 via corneal scarification and viral titers of eye swabs of tear film were 147 collected at days 1, 3, and 5 post infection. The titers showed no significant difference 148 between male and female mice of either the WT or HVEM KO genotype at all 3 time 149 points (Figure 1 A, C). Female WT mice had slightly higher titers than WT males on 3 150 8 dpi, and slightly lower titers than males on 5 dpi (Figure 1 A) . Female HVEM KO mice 151 had slightly lower eye swab titers than male HVEM KO mice on all three days (Figure 1 152 C). In all cases, these differences were not statistically significant. 153
Following ocular infection, active replicating virus can also be quantified in the 154 brain and surrounding tissues during acute phase of infection since it disseminates by 155 retrograde transport to the neuronal cell bodies in the trigeminal ganglia (8, 11). To 156 monitor dissemination, we collected periocular skin, trigeminal ganglia, and brain 157 tissues at 5 days post infection to study this phase of the HSV-1 infection cycle ( Figure  158 1 B, D). Although there was no significant difference between tissue titer in male and 159 female mice within either genotype, lower titers were observed in tissues collected from 160 female mice overall, but the differences were not significant when compared to male 161 mice. From this data, we determine that sex has no significant effect on HSV-1 viral 162 replication in the cornea, periocular skin, trigeminal ganglia, or brain of WT and HVEM 163 KO mice. 164 165
Male and Female WT and HVEM KO Mice have Similar Cellular Corneal Immune 166 infiltrates during Acute and Chronic Inflammatory Phases of infection 167
We next investigated the corneal cellular immune response in WT and HVEM KO 168 mice to determine if there were any sex differences in the prominent infiltration of 169 inflammatory cells that occurs in stromal tissues following HSV-1 infection of the cornea. 170
Previously, we found that cytokine responses in HVEM KO male mice were different 171 when compared to WT male mice (7, 8). The early response to infection while virus is 172 still actively replicating consists of polymorphonuclear leukocytes (PMN), mainly 9 neutrophils, and is known as the acute inflammatory phase of infection. PMN infiltration 174 peaks at around 2 dpi, declining at 5 dpi rising again during the chronic inflammatory 175 phase of infection starting around 7 dpi after the virus has been cleared. Macrophages, 176 dendritic cells, natural killer cells are also detected during this time and T cells enter the 177 cornea during the chronic phase at 8-9 dpi (11). HSK is caused by this 178 immunopathogenic response to infection and differences in infiltrating immune cell 179 populations affect the overall severity of symptoms in the cornea (11, 15 ). with 0 being not present and 5 being most severe. The mean maximum lesion score 220 was 4.4 for male WT mice and 3.7 for female WT mice; 0.4 for male HVEM KO mice, 221 and 0.2 for female HVEM KO (Figure 4 A) . The severity of lesions is similar between 222 males and females within each genotype. The occurrence of lesions and mean score on 223 each day was also measured (Figure 4 B) . Male and female HVEM KO mice 224 experienced similar progression of lesions, and female WT mice had slightly lower 225 scores than male WT mice. The neurological scores of male and female mice was 226 recorded and the mean maximum score was calculated. The mean maximum 227 neurological score was 1.7 for male WT mice and 1.8 for female WT mice; HVEM KO 228 mice did not display any neurological symptoms as we have previously seen (Figure 4 Susceptibility to viral infections is often reduced in females due to a greater 255 humoral and immune response to vaccination and infection when compared to males 256
(2). Historically, only one sex was used during murine models of HSV-1 infection, and 257 male-predominant populations have been used in human studies and trials (2, 10). 258
Studies have shown sex dependence of HSV infection of the central nervous system 259
where females were more susceptible than males (27, 28). Female mice have also 260 been shown to have higher HSV titers from brain tissue when inoculated via 261 intraperitoneal injection, resulting in greater mortality and severity of disease than males 262
(1, 28). Estrogen treatments, castration, or hormones do not fully explain these sex 263
differences (1, 20) . In human studies, the high prevalence of HSV-1 in the trigeminal 264 13 ganglia (TG) was shown not to be related to sex, with 88% of females and 90% males 265 having HSV-1 positive TG (29). These studies reveal the importance of addressing and 266 understanding differences in susceptibility to HSV-1 infection and ocular disease 267 between the sexes since it may result in more effective therapies and vaccines. 268
Our results indicate viral titers in tear film and tissues from adult HVEM KO and 269 WT mice tissue were not affected by sex (Figure 1) . The data revealed a trend in female 270 mice to have slightly lower tissue titers than male mice of both the WT and HVEM KO 271 genotypes. These findings are similar to those of an ocular model using the 129-mouse 272 strain background, in which viral titer in the TG was slightly lower in females but not 273 significant (20). In contrast, HSV-2 infection does show a sex bias in human studies in 274 which women exhibit a higher prevalence of infections than males in all age groups, and 275 seronegative women acquire virus faster and have a higher incidence of symptomatic 276 infections than males (2, 6, 30). Our previous research showed HVEM is not required 277 for disease during HSV-2 infection of mice, however, HVEM is required for full HSV-1 278 pathogenesis of in eye following infection (8). Our data suggests rather than being 279 influenced by sex hormones as in HSV-2 infection, the immune response in HSV-1 280 pathogenesis is being modulated by HVEM. This may suggest why sex differences 281 have been reported in HSV-2 but have not been shown in our research of ocular HSV-1 282 pathogenesis. Another study found some effects of the interferon gamma (IFN-y) 283 receptor to be sex specific in ocular HSV-1 infection. In IFN-y receptor knockout mice, 284 females displayed less severe POS disease scores than males, and testosterone-285 The results shown in Figure 2 analyzing CD4+ cells found males had a higher number 294 of CD4+ cells in response to infection during the acute stage whereas females had a 295 slightly higher CD4+ response during chronic infection. In the chronic inflammatory 296 stage of infection which contributes to the severity of HSK, no significant difference was 297 observed in immune cell infiltrates (Figure 2 C, D) . HVEM is known to influence HSV 298 pathogenesis in the ocular murine model during most stages of infection, from entry and 299 acute viral replication, innate responses, chronic inflammation, and in viral latency (8, 300 32-35). Our previous findings reported that HVEM contributes significantly to increased 301 immune cell infiltrates during ocular HSV-1 infection (17). Since no significant 302 differences were observed between males and females within each genotype, and the 303 differences between the genotypes was consistent within the sexes, we conclude sex 304 does not play a role in the innate or adaptive response to ocular HSV-1 infection. 305
In addition, the difference in clinical symptoms between WT and HVEM KO that 306 we observed in our previous studies confirm that HVEM modulates the immune 307 response rather than being altered by sex (17). Our results also show no significant 308 differences in clinical symptoms between males and females of either genotype in our 309 experimental model. Female mice trended toward slightly lower clinical scores than 310 male mice in both the WT and HVEM KO genotypes (Figure 4) . A previous study using 311 the HSV-1 KOS strain found that males displayed less severe clinical symptoms 312 (disease score mean of 1.5) than females (score mean of 2.0) on average (14). This 313 was also observed in another study in which clinical eye disease scores were slightly 314 lower in females but not significant (20) . Clinical examination using a slit-lamp 315 microscope may provide better diagnosis and scoring of HSK as this the primary 316 diagnostic tool in patients (36, 37). However, there were no sex differences in corneal 317 eye disease scores in our results and the other reports of ocular HSV-1 infection and 318 clinical HSK pathogenesis (14, 20) . 319
Our results suggest sex is not a significant biological variable in ocular HSK in 320 the C57BL/6 mouse background and does not contribute to the observed reduction of 321 immune cell infiltration and less severe clinical symptoms in HVEM KO mice. Overall, 322
we determined there was no significant difference in HSV-1 ocular infection in male and 323 female mice. In compliance with the NIH standards of considering sex a biological 324 variable, we report that both male and female mice can be used simultaneously in 325 studies using C57BL/6 mice and HVEM KO mice made on the C57BL/6 background. 326
327
MATERIALS AND METHODS 328
Ethics Statement 329
All experiments utilizing mice were performed in strict adherence to the our previous studies, is shown in Table 1 . 357
Mice displaying a neurological score of 4 or weight loss greater or equal to 30% 358 starting weight at infection were sacrificed and scored as 5. Eye swabs were collected 359 after mild anesthesia with isoflurane where mice were unresponsive to footpad prick. 360
The eye was gently proptosed and a sterile cotton swab pre-moistened with DMER was 361 wiped three times around the circumference of the eye and twice across the center of 362 the cornea in an "X" shape as previously described (16). Swabs were then placed into 1 363 mL of DMER media (DMEM containing 5% (vol/vol) FBS, 1% gentamicin, 1% 364 ciprofloxacin, and 1% amphotericin B) and stored at -80°C. To determine viral titers, 365 samples were thawed and vigorously vortexed for 30 seconds prior to performing a 366 plaque assay. 367
Two experimental groups of mice were used. Mice were sacrificed on day 5 for 368 flow cytometry, eye swabs, and for harvest of tissues. The second group were 369 monitored for clinical symptoms, eye swabs were taken for viral titers, and on day 14 370 mice were sacrificed for flow cytometry. For day 5 experiments animals were sacrificed 371 and the POS, TG, and brains were collected as previously described (6, 7, 17). After 372 dissection, all samples were placed in 1 mL DMER, homogenized, sonicated, and 373 stored at -80°C until titration. Brain samples were centrifuged prior to titration to remove 374 debris. We are grateful for our funding source: National Eye Institute 1R01EY023977-434
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